2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) is the most toxic compound in dioxin congeners, including polyhalogenated dibenzodioxins, dibenzofurans, and biphenyls. Exposure of experimental animals to dioxins causes adverse effects such as body-weight loss, immunosuppression, endocrine disruption, cancer promotion, teratogenesis, and lethality. 1) Dioxins bind to the cytosolic aryl hydrocarbon receptor (AhR), commonly called the dioxin receptor, resulting in its transformation. [2] [3] [4] The transformed AhR works as a transcriptional factor after entering the nucleus, forming a heterodimer with the AhR nuclear translocator (Arnt), and binding to a DNA sequence called dioxin responsive element (DRE). [5] [6] [7] These sequential actions lead to the expression of various proteins, including drug-metabolizing enzymes such as cytochrome P450 1A1 (CYP1A1), glutathione S-transferase (GST), and NAD(P)H:quinone-oxidoreductase (NQO1). 8) Transformed AhR also disrupts intracellular signal transduction by changing the phosphorylation state of several regulatory proteins. 9) Since AhR transformation is the initial step in the expression of dioxin toxicity, inhibition of transformation would protect humans from toxic effects. Hence it is necessary to search for food factors that possess antagonistic effects against the AhR, because dioxins enter the body mainly through the diet. 10, 11) Previous reports showed that flavones and flavonols can suppress the transformation at dietary levels. 12, 13) Other natural flavonoids, catechins, 14, 15) and galangin 16) are also reported to suppress AhR transformation and the downstream expression of CYP1A1. Previously, we showed that pigments including catechins in green tea suppress AhR transformation. 17, 18) In addition, resveratrol, 19) curcumin, 20) and certain vegetable constituents 21) act as antagonists of the AhR. These results indicate that polyphenols present in food are possible antagonists of the AhR.
Black tea, which is consumed worldwide, has beneficial effects on human health such as antioxidative, anticarcinogenic, and anti-mutagenic activities. 22, 23) These effects are assumed to be exhibited by polyphenols present in black tea such as theaflavins (Tfs) and thearubigins. Black tea polyphenols consist of 50% thearubigins, 10% Tfs, and 30% catechins, along with other compounds. 24) Tfs and thearubigins are products of oxidation and condensation reactions of catechins during y To whom correspondence should be addressed. Tel/Fax: +81-78-803-5878; E-mail: ashida@kobe-u.ac.jp Abbreviations: TCDD, 2,3,7,8-tetrachlorodibenzo-p-dioxin; AhR, aryl hydrocarbon receptor; DRE, dioxin responsive element; Tf, theaflavin; Tf3g, theaflavin-3-gallate; Tf3 0 g, theaflavin-3 0 -gallate; Tfdg, theaflavin-3,3 0 -digallate; DMSO, dimethyl sulfoxide; HPLC, high performance liquid chromatography; EMSA, electrophoretic gel mobility shift assay fermentation, and are different from the polyphenols found in green tea. Few studies on the properties of thearubigins have been conducted, but the bioactivity of Tfs, red pigments that contribute to the color of black tea, have recently become a focus of attention due to their antioxidative activity associated with their polyphenolic structure. 25) An intake of 700 mg of Tfs results in a plasma concentration of 1.0 mg/l and a concentration of 4.2 mg/l in urine after 2 h, 26) indicating that Tfs are, at least in part, absorbed into the body, whereafter they affect physiological functions. Recently, black tea Tfs and theafulvins were reported to suppress CYP1A1 expression and its activity in the rat intestine, 27) suggesting that these polyphenols suppress AhR transformation induced by halogenated and/or polycyclic aromatic hydrocarbons in the liver. In the present study, we investigated whether black tea suppresses transformation of the AhR in vitro. We also examined the inhibitory effect of Tfs, specific polyphenols contained in black tea, on AhR transformation.
Materials and Methods

Materials.
2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) was purchased from AccuStandard (New Haven, CT). Green (Sen-cha, Gyokuro, and Ban-cha), oolong (Tekkannon, Shikisyu, and Suisen), and black (Uva, Nuwara eliya, and Dimbula) tea leaves, were produced in Shizuoka Prefecture in Japan, in China, and in Sri Lanka respectively. Each tea leaf (20 g) was extracted with 200 ml of hot water for 30 min, and after evaporation and lyophilization the powders obtained were used as tea extracts. All other reagents used were of the highest grade available from commercial sources.
Determination of catechin and caffeine contents in tea extracts. To determine the contents of catechin and caffeine in each tea extract, the extract was dissolved in methanol at 1 mg/ml, and aliquots of 10 ml were injected into the HPLC (Waters Alliance 2690 Separations Module, 2487 Dual Wavelength Absorbance Detector, and data acquisition and analysis were preformed with the Empower Software Systems, Nihon Waters, Tokyo, Japan). Analytical conditions were as follows: Column, Wako pack C18HG ( 4:6 Â 250 mm, Wako Pure Chemical Co., Osaka, Japan) maintained at 40 C; mobile phase, 22% methanolic solution in 0.1% phosphoric acid (22:78:0.1, v/v); flow rate, 1 ml/min; monitoring at 230 and 280 nm.
Extraction and isolation of Tfs from black tealeaves. To isolate active compounds from black tea leaves, dried leaves (500 g) were extracted 3 times with 1-liter of 75% ethanol for 24 h, and the extract was evaporated and lyophilized and used as the ethanol extract. The extract was suspended in 1-liter of distilled water and partitioned stepwise with 2-liter of n-hexane, chloroform, ethyl acetate, and n-butanol 3 times each. Each fraction obtained was collected and lyophilized. The n-hexanepartitioned fraction was further fractionated by MCI gel column chromatography ( 20 Â 300 mm), as previously described.
18) The elute with methanol was fractionated into two subfractions (referred to as methanol fraction-1 and -2) by measuring the absorbance at both 210 and 350 nm, and then the elute with acetone was collected in a lump fraction.
The ethyl acetate-partitioned fraction was loaded onto a capcell pack AG120-ODS column ( 50 Â 250 mm, Shiseido, Tokyo, Japan) in methanol/1% acetic acid (35:65, v/v) with a flow rate of 40 ml/min, and a crude Tfs fraction was obtained by measuring the absorbance at 350 nm. The crude Tfs fraction was then separated into Tf, theaflavin-3-gallate (Tf3g), theaflavin-3 0 -gallate (Tf3 0 g), and theaflavin-3,3 0 -digallate (Tfdg) by HPLC (Waters 600E Multisolvent System) under the following conditions: Column, J'sphere ODS-H80 ( 20 Â 250 mm, YMC, Kyoto, Japan); mobile phase, methanol/ 0.1% acetic acid (30:70, v/v); flow rate, 12 ml/min; monitoring at 350 nm using a Waters 486UV/VIS (Nihon Waters).
Preparation of the cytosol fraction from rats. Animal treatments in the present study conformed to the ''Guidelines for the Care and Use of Experimental Animals, in Rokkodai Campus, Kobe University''. The livers of male Sprague-Dawley rats (six weeks old, 140-170 g, purchased from Japan SLC, Shizuoka, Japan) were used to prepare the cytosol fraction, as previously described.
12) Protein concentration was determined by the Bradford method 28) using bovine serum albumin as a standard protein. The cytosol (4.0 mg protein/ml) was treated with 1 nM TCDD dissolved in dimethyl sulfoxide (DMSO) in HEDG buffer (25 mM HEPES-NaOH, pH 7.4, 1.5 mM ethylenediaminetetraacetic acid, 1.0 mM dithiothreitol, 10% glycerol) at 20 C for 2 h to induce AhR transformation, and with DMSO (10 ml/ml) alone as a negative control. To estimate antagonistic effects, various concentrations of black tea components were added to the above mixture 10 min prior to the addition of TCDD.
Electrophoretic gel mobility shift assay (EMSA).
Transformed AhR in the cytosol fraction was estimated by EMSA as previously described. 12) Briefly, a specific oligonucleotide probe for DRE (5 0 -GAT CCG GAG TTG CGT GAG AAG AGC CA-3 0 [coding] and 5 0 -GAT CTG GCT CTT CTC ACG CAA CTC CG-3 0 [non-coding], purchased form Hokkaido System Science, Hokkaido, Japan) corresponding to the AhR binding site 29) was annealed and 5 0 -end labeled with [-32 P]ATP (Amersham Pharmacia Biotech, Buckinghamshire, England) by T4 polynucleotide kinase (Takara Biochemicals, Otsu, Japan). The treated cytosol (10 mg protein) was incubated with 250 ng of poly[dIdC] (Roche Diagnostics, Indianapolis, IN) and the 32 Plabeled DRE (30 kcpm, 10 fmols) for 15 min. The mixture was then loaded onto a 4% nonstacking polyacrylamide gel in TBE buffer (25 mM Tris, 22.5 mM borate, and 0.25 mM EDTA). After electrophoresis, the AhR/DRE complex was detected by autoradiography, and the density of the AhR/DRE complex was quantified using the Digital Imaging System Is-9000 (Alpha Innotech, San Leandro, CA).
Results
Black tea extract suppresses AhR transformation Previously, we reported that green tea extract suppresses AhR transformation induced by 1 nM TCDD in a dose-dependent manner under cell-free conditions. 18) First, we confirmed that black tea extract can suppress AhR transformation. Green, oolong, and black tea extracts were examined for suppressive effects at 10 mg/ml, and it was found that all black tea extracts and Tekkannon extract significantly suppressed AhR transformation induced by 0.1 nM TCDD (Fig. 1) . Since one of the active compounds in green tea leaves is (À)-epigallocatechin-3-gallate, 18 ) the contents of catechins and caffeine in each extract were determined by HPLC analysis (Fig. 2) . As for the result, Sen-cha extract contained the largest amount of catechins while Dimbula extract did not contain a large amount. The contents of catechins in Uva extract, which suppressed AhR transformation to 50% of that induced by 0.1 nM TCDD, was as much as that in Gyokuro extract, which did not suppress the transformation (Figs. 1 and 2 ). The content of caffeine did not significantly change in the extracts, and in addition, caffeine had no suppressive effect on AhR transformation. 18) These data indicate that the suppressive effects of black tea on AhR transformation were not due to the contents of catechins and that the specific compounds in black tea extract were very effective. Hot-water extracts were prepared from 9 tea leaves, and they were treated at 10 mg/ml with rat liver cytosol 10 min prior to the addition of 0.1 nM TCDD. AhR transformation was determined by EMSA as described in ''Materials and Methods''. The upper panel shows a representative EMSA result, and the lower panel shows quantified density of AhR/DRE complex. Data are represented as the means AE SE (n ¼ 3). Each tea extract was dissolved in methanol, and the contents of catechins and caffeine were determined by HPLC as described in ''Materials and Methods''.
Tfs suppress TCDD-induced AhR transformation
Our previous study found that the active components in green tea extract were low-molecular compounds, and that they were contained in 75% ethanol extract much more than in hot-water extract. 18 ) Therefore, to determine which components in black tea are effective to suppress AhR transformation, Uva tea leaves were subjected to extraction with 75% ethanol and partitioned stepwise with n-hexane, chloroform, ethyl acetate, and n-butanol (Fig. 3) . The ethanol extract and its partitioned fractions were subjected to EMSA to evaluate the suppressive effect in a cell-free system using rat liver cytosol. The ethanol extract (20 mg/ml) from black tea leaves suppressed 1 nM TCDD-induced transformation by 30% (Fig. 4, lane 3) . After fractionation of the ethanol extract, the suppressive components were broadly distributed in the n-hexane, chloroform, ethyl acetate, and n-butanol fractions with suppression levels of 90, 78, 74, and 71% respectively (Fig. 4, lanes 4-7) . The aqueous residue exhibited a moderate suppressive effect (Fig. 4, lane 8) . The n-hexane-partitioned fraction, which consisted mainly of pigments such as chlorophylls and carotenoids, was most effective in suppressing AhR transformation. When the n-hexanepartitioned fraction was further fractionated into 3 subfractions, methanol fraction-1 (MeOH-1), methanol fraction-2 (MeOH-2), and acetone fraction (Acetone), by MCI gel column chromatography (Fig. 3) , the acetone fraction at 5 mg/ml showed a strong suppressive effect on AhR transformation induced by 1 nM TCDD (Fig. 5, lane 6 ). Previously, we purified the active compounds in the same acetone fraction from green tea extract and identified them as chlorophyll a and b. 18) Hence we focused on the ethyl acetate-partitioned fraction, which possessed the highest yield (21.0%), and this fraction abundantly contained Tfs with a yield of 13.6% (Fig. 3) . The EMSA results showed that the crude Tfs fraction (a mixture of 4 components) had a strong suppressive effect on the TCDD-induced transformation of AhR (Fig. 4, lane 9) . The crude Tf fraction at 20 mg/ml suppressed TCDD-induced AhR transformation by 25%, which was the almost same suppressive effect as that of the ethyl acetate-partitioned fraction at the same concentration. These results suggest that the suppressive effect of the ethyl acetate-partitioned fraction were due mainly to Tfs, and that contributions by other compounds were negligible.
Tf, Tf3g, Tf3 0 g, and Tfdg were isolated from the crude Tfs fraction by HPLC (Fig. 3) , and identified by comparison of their NMR spectral data with those found in the literature. 30) As shown in Fig. 6 , all isolated Tfs exerted a suppressive effect equal to that of flavone and flavonol 12) in a dose-dependent manner. The 50% inhibitory concentration (IC 50 ) values of Tf, Tf3g, Tf3 0 g, and Tfdg were 4.5, 2.3, 2.2, and 0.7 mM respectively. Of these, Tfdg had the greatest effect, and its yield of 6.5 g was also the greatest among the four Tfs (Fig. 3) . Moreover, the Tfs did not show any agonistic effect toward AhR (data not shown). These results indicate that Tfs are novel antagonists of AhR in black tea.
Post-treatment with black tea extract and Tfdg suppress AhR transformation under the cell-free systems
Black tea extract and Tfdg suppressed AhR transformation when applied to liver cytosol 10 min prior to the addition of TCDD (Figs. 4 and 6) . We investigated whether they suppress AhR transformation even were treated simultaneously, or after the addition of TCDD. When the ethanol extract (Fig. 7A) and Tfdg (Fig. 7B) were applied 10 min prior to the addition of TCDD, both suppressed AhR transformation by 20-30% of that induced by TCDD. Simultaneous co-treatment with ethanol extract or Tfdg and TCDD also suppressed transformation by 30-40%. The suppressive effect was diminished but still evident when they were applied 10-30 min after the addition of TCDD; the effect was about 30-70% of that induced by TCDD. These results indicate that ethanol extract and Tfdg can inhibit not only the binding of TCDD to the AhR but also the binding of the transformed AhR to a DRE probe.
Discussion
Dioxins, which are environmental contaminants, cause adverse effects through AhR transformation. 1, 3, 4) Since they enter the body mainly through the diet, 10, 11) it is necessary to determine natural antagonists of AhR in foods. In the present study, we found that black tea extract and Tfs suppress AhR transformation, and this effect held even though they were treated after the addition of TCDD to the rat liver cytosol. Previous studies indicate that natural flavonoids, [12] [13] [14] [15] [16] resveratrol, 19) curcumin, 20) and certain pigments in green tea, especially (À)-epigallocatechin-3-gallate, 17, 18) suppress transformation of the AhR and/or subsequent downstream events such as expression of CYP1A1. The present and previous results indicate that the active components in black tea are polyphenols such as Tfs and catechins, but no correlation was found between the content of catechins and the suppressive effects on AhR transformation among 9 kinds of tea extracts. Therefore, the active compounds of black tea extract were specific ones including Tfs, which were generated during the fermentation step.
Our results showed that the IC 50 values of Tfs against 1 nM TCDD ranged from 0.7 to 4.5 mM, indicating that their suppressive effects are strong, because the IC 50 values of Tfs are almost the same as those of effective flavonoids aglycones such as galangin, kaempferol, and chrysin. 12) A previous study found that Tf did not suppress AhR transformation under the cell-free system, 21) but this is inconsistent with our results. This difference is due to the higher concentration of TCDD used in the previous study, so that the effect of Tf disappeared. Although the bioavailability of Tfs is unknown, part of Tfs is absorbed into the body and affects physiological functions: A previous report showed that the maximum concentration of Tfs is 1.0 mg/l in the plasma 2.0 h after the ingestion of 700 mg Tfs, which is equivalent to 30 cups of black tea.
26) The molecular weights of Tfs range between 564 and 869, and 1.0 mg/l is estimated to range from 1.2 to 1.8 nM. But the concentration of excreted Tfs in the urine (4.2 mg/l) is higher than that in the plasma, 26) suggesting that their absorption rates might not be high and/or that they have a short life-span in the body. Although the plasma concentration of Tfs is lower than that of other flavonoids, 31) Tfs are possible candidate for antagonists of AhR. Previously, we found that the IC 50 value of the antagonist is depends on the TCDD concentration, i.e., a lower antagonist concentration suppresses AhR transformation induced by a lower concentration of TCDD. 12) Dioxin levels in the body are estimated to be of the pM order, 32, 33) and the TCDD level used in the current study was 1,000-fold higher than that present in the body. A previous study found that long-term ingestion of Tfs (20 mg/kg body weight) suppresses both expression and activity of CYP1A1 in the rat intestine. 27) Taking together the results of this study and previous reports, continual intake of black tea would lead to an increase in the physiological and intestinal levels of Tfs, and have a possibility of suppressing AhR transformation and CYP1A1 expression.
Regarding the antagonistic mechanism of Tfs on the AhR, Tfs are too large to fit into the AhR binding pocket, which has van der Waals dimensions of 14 Â 12 Â 5 A.
34) The order of strength of the suppressive effects was TFdg > TF3g ¼ TF3 0 g > TF (Fig. 4) , although a pyrogallol-type chemical, gallic acid, did not exert a suppressive effect (data not shown). These results suggest that it is not the skeletal structure of Tf but the part of the structure possessing the gallate moiety that adjusts to the AhR binding pocket and plays a role in the suppression of AhR transformation. From the results shown in Fig. 5 , Tfdg appears to inhibit binding of the transformed AhR to a DRE probe in addition to the binding of TCDD to the AhR. Our previous study found that flavones and flavonols cannot affect AhR transformation when they are applied after the addition of TCDD, 12, 13) suggesting that flavonoids suppress transformation by blocking the binding of TCDD to the AhR. Therefore, Tfs are specific compounds, which can reduce AhR transformation even after exposure to dioxins by inhibiting the binding of transformed AhR to DNA. In conclusion, black tea and its component Tfs suppress AhR transformation induced by TCDD. It is suggested a possibility that black tea is one of the candidates among beverages and foods for reduction of dioxin toxicity through suppression of the AhR transformation pathway. 
